ABSTRACT: Use of indigestible markers such as Cr 2 O 3 , Fe 2 O 3 , and TiO 2 are commonly used in animal studies to evaluate digesta rate of passage and nutrient digestibility. Yet, the potential impact of indigestible markers on fecal microbial ecology and subsequent VFA generation is not known. Two experiments utilizing a total of 72 individually fed finishing pigs were conducted to describe the impact of dietary markers on fecal microbial ecology, fecal ammonia and VFA concentrations, nutrient digestibility, and pig performance. All pigs were fed a common diet with no marker or with 0.5% Cr 2 O 3 , Fe 2 O 3 , or TiO 2 . In Exp. 1, after 33 d of feeding, fresh fecal samples were collected for evaluation of microbial ecology, fecal ammonia and VFA concentrations, and nutrient digestibility, along with measures of animal performance. No differences were noted in total microbes or bacterial counts in pig feces obtained from pigs fed the different dietary markers while Archaea counts were decreased (P = 0.07) in feces obtained from pigs fed the diet containing Fe 2 O 3 compared to pigs fed the control diet. Feeding Cr 2 O 3 , Fe 2 O 3 , or TiO 2 increased fecal bacterial richness (P = 0.03, 0.01, and 0.10; respectively) when compared to pigs fed diets containing no marker, but no dietary marker effects were noted on fecal microbial evenness or the Shannon-Wiener index. Analysis of denaturing gradient gel electrophoresis gels did not reveal band pattern alterations due to inclusion of dietary markers in pig diets. There was no effect of dietary marker on fecal DM, ammonia, or VFA concentrations. Pigs fed diets containing Cr 2 O 3 had greater Ca, Cu, Fe, and P (P ≤ 0.02), but lower Ti (P = 0.08) digestibility compared to pigs fed the control diet. Pigs fed diets containing Fe 2 O 3 had greater Ca (P = 0.08) but lower Ti (P = 0.01) digestibility compared to pigs fed the control diet. Pigs fed diets containing TiO 2 had greater Fe and Zn (P ≤ 0.09), but lower Ti (P = 0.01) digestibility compared to pigs fed the control diet. In Exp. 2, no effect of dietary marker on pig performance was noted. Overall, the data indicate that the inclusion of Cr 2 O 3 , Fe 2 O 3 , or TiO 2 as digestibility markers have little to no impact on microbial ecology, fecal ammonia or VFA concentrations, nutrient digestibility, or pig growth performance indicating they are suitable for use in digestion studies.
INTRODUCTION
Indigestible markers are commonly used in animal nutrition studies to evaluate digesta rate of passage and nutrient digestibility (Saha and Gilbreath, 1991; Jagger et al., 1992; Jorgensen et al., 1997) , with chromic oxide (Cr 2 O 3 ), ferric oxide (Fe 2 O 3 ), and titanium dioxide (TiO 2 ) being frequently used markers in swine research. Depending on route of ingestion, concentration, and valence, Cr and Fe are thought to offer a greater potential for toxicity than Ti (Berlin and Nordman, 1979; ATSDR, 1998; Papanikolaou and Pantopoulos, 2005) . Because added dietary markers are concentrated during the digestion process, approximately 10-fold depending on the ingredient matrix, microbes residing in the gastrointestinal tract are continually immersed in a marker-rich medium. What is not known, however, is whether or not this markerrich medium has any impact on microbial ecology and subsequent microbial activity and VFA generation; each of which could impact nutrient digestibility of the diet and, ultimately, animal performance. Therefore, the objectives of these experiments were to evaluate the impact of dietary marker addition on microbial ecology, fecal ammonia and VFA concentrations, nutrient digestibility, and performance in growing pigs.
MATERIALS AND METHODS

General
The experiments were approved by the Iowa State University Animal Care and Use Committee. Two experiments utilizing a total of 72 finishing pigs were conducted to describe the impact of dietary markers on fecal microbial ecology, fecal ammonia and VFA concentrations, nutrient digestibility, and pig performance. The basal diet (Table 1 ) was formulated to be adequate in all nutrients according to NRC (2012) recommendations. Because of the volume of feed required, each dietary treatment consisted of a single batch of feed. Dietary markers (Cr 2 O 3 , ≥ 98% purity: Elementis Chromium LP, Corpus Christi, TX; Fe 2 O 3, 100% purity: Fisher Scientific, Fair Lawn, NJ; TiO 2 , 99% purity: Tronox Pigments GmBH, Krefield, Germany) were added at 0.5% of the diet and replaced corn.
Animal Management
In Exp. 1, 48 finishing gilts were randomly allotted by groups of 3 into 16 pens (2.7 × 1.8 m) with partial slats, a single two-holed feeder, and a single nipple waterer. The room was mechanically ventilated with a pull-plug manure storage system. Dietary treatments were randomly assigned to pens, with dietary treatments being the control or the control diet with 0.5% of chromic oxide, ferric oxide, or titanium dioxide. Diets were offered ad libitum in meal form and fed for 33 d. On d 33, pigs were weighed (BW = 115 kg, SD = 10.0 kg) and moved to individual stainless steel metabolism crates (1.2 × 2.4 m) and offered their respective treatment diets at 3% of their BW. Water was supplied ad libitum through nipple waterers. During the following 3 d, pigs were fed half of their daily feed allotment twice daily at 0700 and 1900 h to acclimate them to the metabolism crate and feeding schedule. Following this 3 d adaption period, a 4 d collection period occurred where stainless steel wire screens were placed under each metabolism crate for total fecal collection. Feces were collected twice daily and stored at 0°C until the end of the collection period. At the end of the collection period, feces were dried in a 70°C forced-air oven, weighed, ground through a 1-mm screen, and a subsample was taken for nutrient analysis. Orts were subtracted from total feed offered to calculate net feed intake. On d 3 of the collection period (d 38 of the experiment), a 50-g sample of fresh feces was collected from each pig as they were defecating and immediately stored at 0°C until the end of the collection period for DM, ammonia, VFA, and microbial ecology evaluation.
In Exp. 2, 24 finishing gilts (initial BW = 90 kg, SD = 8.1 kg) were randomly allotted to individual pens (0.51 × 1.84 m) and allowed free access to feed and water, being maintained in a room with 24 h lighting. Treatments were randomly assigned to pens, where pigs and feeders were weighed at the beginning and end of the 33 d experimental period to determine ADG, ADFI, and G:F.
Microbial Methodology
Fecal samples were fixed using a phosphate buffer solution and 4% paraformaldehyde as described by Franks et al. (1998) . Bacterial counts were determined using fluorescence in situ hybridization for bacteria (GCT GCC TCC CGT AGG AGT labeled with Alexa 555; Invitrogen, Carlsbad, CA), archaea (GTG CTC CCC CGC CAA TTC CT labeled with Alexa 488; Invitrogen, Carlsbad, CA), and total microbes (using DAPI). Denaturing gradient gel electrophoresis (DGGE) was used to obtain a profile of dominant bacteria in the fresh fecal samples. Nucleic acids were extracted using QIAgen Stool Kit (QIAgen, Valencia, CA) with 3 replicate extractions pooled. The PCR primers for DGGE DNA amplification targeted variable part of 16S ribosomal RNA gene (V3 region); 357f-gc (CCT ACG GGA GGC AGC AG-CGC CCG GGG CGC GCC CCG GGC GGG GCG GGG GCA CGG GGG G) and 519r ATT (ACC GCG GCK GCT GG; Yu and Morrison, 2004) . For amplification, each 50 μL reaction mix contained final concentrations of 80 ng μL -1 DNA template, 1 µM of each primer with 1.25 U FailSafe PCR Enzyme Mix plus 25 μL FailSafe PCR PreMix D (Epicenter, Madison, WI). After an initial denaturing step for 5 min at 94°C, 10 cycles of touchdown PCR ran 30 s at 94°C, 30 s annealing with 0.5°C/cycle temperature decrease (61 to 56°C), and extension for 1 min at 72°C followed 25 cycles of 30 s at 94°C, 30 s at 56°C, and 1 min at 72°C followed by 7 min at 72°C for final elongation using a Dyad Thermal Cycler (MJ Research Inc., Watertown, MA).
A model 475 Gradient Delivery System (BioRad, Hercules, CA) was used to pour DGGE gels with 35%-50% urea-formamide denaturing gradients (100% denaturant is defined as 7 M urea and 40% formamide). Gels were 10% polyacrylamide (37.5:1 acrylamide-bisacrylamide) in 0.5 × Tris-acetate-EDTA (TAE) buffer (pH 8.0). Gels were allowed to polymerize at least 4 h before use. Denaturing gradient gel electrophoresis was performed using the BioRad Dcode TM Universal Mutation Detection System (BioRad, Hercules, CA) with 10-μL aliquots of cleaned PCR products (plus 10-μL loading buffer) electrophoresed at 100 V with 400 mA for 16 h in 0.5 × TAE buffer at a constant temperature of 60°C. Gels were stained with SYBR Gold (Invitrogen, Carlsbad, CA) for 40 min according to the manufacturer's instructions and photographed with a Kodak Image Station 4000MM Pro (Carestream Health, Inc., New Haven, CT).
Final gel image processing, band numbers per sample, and cluster analysis of DGGE banding patterns were performed using BioNumerics software (Applied Maths, Austin, TX). Bands were counted if they were at least 2% of the strongest band in each lane after normalization of gels. Constructed trees (using Dice similarity coefficients and unweighted pair group method with arithmetic means) show groupings of samples by similarity in banding patterns. Diversity indices were calculated: species richness (S) was determined by the number of bands, the Shannon-Wiener (S-W) index (H') as H' = -ΣP i lnP i with P i equal to n i /N, where n i is the peak height of a band and N is the sum of all peak heights in the densitometric curve, and evenness (E) as E = H'/H' max , where H' max = ln S (Yu and Morrison, 2004) . Species richness represents the total number of different species present in the sample; H' accounts for species richness and the proportion of each species within a sample and E measures how similar the abundances of different species are in the sample (an evenness of one occurs when the proportions of all subspecies are the same).
Analytical Methodology
Fecal NH 3 was analyzed using a NH 3 probe (Thermo Orion Meter 290A+, probe #9512), which was calibrated using a standard curve, 3 concentrations, of ammonium chloride dissolved in water. In brief, 3 g of manure was weighed into a 100-mL beaker, after which 99 mL of nanopure water and a stir bar were added. While mixing, 2 mL of ISA (Thermo Fisher Scientific Inc., Beverly, MA) were added. The pH of the mixture was maintained at ≥ 11 in order for the probe to accurately measure NH 3 . The probe was inserted into the beaker, and the concentration was recorded. A control solution and blank were analyzed at the end of each day to check validity of probe operation. For fecal VFA, 1 g of feces was weighed into a 15-mL polypropylene tube, 5 mL of ultrapure water added, and subsequently shaken at high speed overnight on an Eberbach Shaker. Subsequently, 100 μL of phosphoric acid was added (final pH 2.0 to 2.5), and the tube was vortexed and centrifuged at 21,000 × g for 23 min at 4°C. The sample was filtered through a 0.2-μm syringe filter with 1 mL of the filtrate added to a GC vial along with 0.3 g NaCl. Fecal VFA were analyzed using solid phase microextraction (silica fiber coated with Carbowax/PEG; Supelco Analytical, Bellefonte, PA) after 15 min of incubation at 70°C followed by 5 min of extraction time. The GC unit was equipped with a flame ionization detector and HP-FFAP column (model 7890A, column 30 m × 0.25 mm × 0.25 μm; Agilent Technologies, Wilmington, DE). The GC parameters were the following: split mode, 30 mL/min; 24.566 psi; initial oven temperature, 100°C; 2 min ramp of 10°C/min to a final temperature of 240°C.
Diets and feces were analyzed for the nutrients shown in Table 2 . Before analysis, samples were dried in a forced-air oven at 70°C for 24 h and subsequently were ground through a 1-mm screen. All samples were analyzed in duplicate. Dry matter was determined by drying 1-g samples at 70°C for 24 h. Carbon, N, and S were analyzed using thermocombustion (VarioMax; Elementar Analysensysteme GmbH, Hanau, Germany). Calcium, Cr, Cu, Fe, P, S Ti, and Zn were digested with concentrated nitric acid following method (II)A (AMC, 1960) in 1N HCl by inductively coupled plasma (Optima 5300DV; PerkinElmer, Shelton, CT). Acid and neutral detergent fiber were analyzed by methods 8 and 9, respectively, using filter-bag technology (Ankom2000; Ankom Technology, Macedon, NY). Ether extract was analyzed using petroleum ether as described by Luthria et al. (2004) using an automated solvent extraction system (ASE 350; Dionex Corporation, Sunnyvale, CA).
Gross energy was determined using an isoperibol bomb calorimeter (Model 1281; Parr Instrument Co., Moline, IL), with benzoic acid used as a standard. Nutrient digestibility was measured directly by the difference between total intake and total fecal excretion: [(Nutrientfeed -Nutrient feces )/Nutrient feed ) × 100].
Statistical Analysis
The pig was considered the experimental unit in each experiment. Data were analyzed by ANOVA using the GLM procedure of SAS (SAS Inst. Inc., Cary, NC) with diet and group (Exp. 1) or diet (Exp. 2) in the model. An overall model SE and P value are provided with means reported as LSMEANS. If the overall model was found to be significant (P < 0.10; protected F-test ideology), preplanned contrasts between pigs fed each dietary marker and pigs fed the diet containing no marker were conducted and discussed (P ≤ 0.10).
RESULTS
Diet Composition
Diets (Table 1) were formulated on tabular values (NRC, 2012) , and in general, the analyzed compositions of the experimental diets (Table 2 ) were in agreement with the calculated values. Addition of dietary makers had no effect on analyzed composition except an increase in acid insoluble ash, which was expected. Analyses of the diets indicate a recovery of 86.9, 94.7, and 97.9% of Cr, Fe, and Ti, respectively, of the added dietary marker.
Microbial Ecology
No differences were noted in total microbes or bacterial counts in pig feces obtained from pigs fed the (Table 3) . In contrast, archaea counts were decreased (P = 0.07) in feces obtained from pigs fed the diet containing Fe 2 O 3 compared to pigs fed the control diet. Feeding Cr 2 O 3 , Fe 2 O 3 , or TiO 2 increased fecal bacterial richness (P = 0.03, 0.01, and 0.10, respectively) when compared to pigs fed diets containing no marker, but no dietary marker effects were noted on fecal microbial evenness or the S-W index (Table 3 ). Analysis of DGGE gel shows that dietary treatments were scattered across the dendogram, indicating that the inclusion of dietary markers in the diets fed to the pigs had no impact on microbial ecology (Fig. 1) .
Fecal DM, Ammonia, and VFA
There was no effect of dietary marker on fecal DM, ammonia, or VFA concentrations (Table 4) .
Nutrient Digestibility
Effects of dietary marker on nutrient digestibility coefficients are reported in Table 5 . Pigs fed diets containing Cr 2 O 3 had greater Ca, Cu, Fe, and P (P ≤ 0.02), but lower Ti (P = 0.08) digestibility compared to pigs fed the control diet. Pigs fed diets containing Fe 2 O 3 had greater Ca (P = 0.08), but lower Ti (P = 0.01) digestibility compared to pigs fed the control diet. Pigs fed diets containing TiO 2 had greater Fe (P ≤ 0.09) 3 Overall standard error (SE) and model (M) probability level, with Cr, Fe, and Ti representing the preplanned contrast of pigs fed each marker to pigs fed the diet containing no marker. 4 Fatty acid values reported on a mmol basis. Isocaproic acid was analyzed for in the fresh feces, but the values for 46 of the 48 pigs used in the study were well below the lowest standard concentration of 0.027 mmol. and Zn (P ≤ 0.01), but lower Ti (P = 0.01) digestibility compared to pigs fed the control diet
Pig Growth Performance
No effect of dietary marker on pig growth performance variables were noted (Table 6) .
DISCUSSION
In general, addition of dietary markers had little to no impact on microbial ecology as measured by bacteria counts, diversity, or DGGE banding patterns. With insignificant changes noted in microbial ecology, the lack of change in fecal ammonia or VFA patterns was expected. In reviewing the literature, we were not able to discover any published results of similar response measures for markers with which to compare our data, but a lack of an effect of dietary marker on these parameters should be an additional criterion of an indigestible marker as reviewed by Kotb and Luckey (1972) .
Unlike a comparison between total collection and the indicator method (Mroz et al., 1996; Kavanagh et al., 2001; Agudelo et al., 2010) , we were only interested in the potential impact of dietary maker inclusion on nutrient digestibility when measured using total collection. We hypothesized that only if the marker affected microbial ecology or gastrointestinal function would we have expected any changes in nutrient digestibility. In the current study, the impacts of dietary marker inclusion on nutrient digestibility were largely nonexistent and biologically small. However, it is interesting to note that maintaining the use of the protected F-test that all the effects noted were for inorganic measures and not for any organic measures. Of the differences noted, more were associated with the inclusion of Cr 2 O 3 , but it may be that the increased concentration of Cr or ash content in the feces may interfere with measurement of other dietary components (Laerke et al., 2012) . This may also be the reason for the unusual digestibility coefficients noted for Cr, Fe, or Ti when each of these respective markers was added to the diet. Digestibility coefficients for Cr were not reported as they were not biologically justifiable, most likely because of the extremely small concentration in their respective basal diets. Likewise, digestibility coefficients for Cu and Ti may also be of concern because of their low concentrations in their respective basal diets. With increased detectability of compounds by modern analytical equipment, analytical interferences between minerals may need further evaluation.
In animal experimentation, markers are used to evaluate rate of transit or coefficients of digestibility, with the assumption that markers exert no effect on gastrointestinal function or feed consumption. The lack of any major effect dietary marker inclusion on nutrient digestibility or ADG, ADFI, or G:F supports this assumption. Overall, the data indicate that the inclusion of chromic oxide (Cr 2 O 3 ), ferric oxide (Fe 2 O 3 ), or titanium dioxide (TiO 2 ) have little to no impact on microbial ecology, fecal ammonia or VFA concentrations, nutrient digestibility, or pig growth performance, indicating they are suitable markers for use in digestibility and growth studies. 
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